Several studies indicated that a homeobox gene, Msx2, is implicated in regulation of skeletal development by controlling enchondral ossification as well as membranous ossification. However, the molecular basis by which Msx2 conducts chondrogenesis is currently unclear. In this study, we examined the role of Msx2 in chondrocyte differentiation using mouse primary chondrocytes and embryonic metatarsal explants. Treatment with BMP2 up-regulated the expression of Msx2 mRNA along with chondrocyte differentiation in murine primary chondrocytes. Overexpression of wild-type Msx2 stimulated calcification of primary chondrocytes in the presence of BMP2. We also found that constitutively active Msx2 (caMsx2) enhanced BMP2-dependent calcification more efficiently than wild-type Msx2. Consistently, caMsx2 overexpression up-regulated the expression of alkaline phosphatase and collagen type X induced by BMP2. Furthermore, organ culture experiments using mouse embryonic metatarsals indicated that caMsx2 clearly stimulated the maturation of chondrocytes into the prehypertrophic and hypertrophic stages in the presence of BMP2. In contrast, knockdown of Msx2 inhibited maturation of primary chondrocytes. The stimulatory effect of Msx2 on chondrocyte maturation was enhanced by overexpression of Smad1 and Smad4 but inhibited by Smad6, an inhibitory Smad for BMP2 signaling. These data suggest that Msx2 requires BMP2/Smad signaling for its chondrogenic action. In addition, caMsx2 overexpression induced Ihh (Indian hedgehog) expression in mouse primary chondrocytes. Importantly, treatment with cyclopamine, a specific inhibitor for hedgehogs, blocked Msx2-induced chondrogenesis. Collectively, our results indicated that Msx2 promotes the maturation of chondrocytes, at least in part, through up-regulating Ihh expression.
Endochondral ossification is essential for tissue patterning and skeletal development. Endochondral ossification is initiated by condensation of mesenchymal cells, and subsequently the condensed mesenchymal cells proliferate, differentiate into chondrocytes, and secret the matrix rich in type II collagen and aggrecan (1) . The chondrocytes then stop to proliferate, further differentiate into hypertrophic chondrocytes, produce type X collagen, and calcify. Calcified chondrocytes that eventually undergo apoptosis are finally replaced by bone (1) . The complex process of chondrocyte differentiation is strictly and harmoniously controlled by several hormones and cytokines, such as BMP (bone morphogenetic protein), Ihh (Indian hedgehog), parathyroid hormone-related protein (PTHrP), 2 fibroblast growth factors, and Wnt proteins (2) (3) (4) (5) . These factors regulate the expression of chondrogenic genes through transcription factors (3, 4) . Large bodies of evidence indicate that Sox9 and Runx2/3 play a critical role in transcriptional events during chondrogenesis (6, 7) . However, the molecular mechanism of chondrocyte differentiation is not fully understood.
A homeobox gene, Msx2 (muscle segment homeobox 2), plays important roles in development, growth, and differentiation of various types of cells and tissues, including ectodermal organ, tooth, vascular cells, and cancer (8) . Several studies also demonstrated the involvement of Msx2 in skeletogenesis (9, 10) . Msx2 stimulates differentiation of mesenchymal cells into osteoblasts but inhibits adipocyte differentiation (11, 12) . Mice deficient in the Msx2 gene exhibit impaired bone formation and enchondral ossification (8) . In contrast, recent studies described that Msx2 negatively regulated chondrocyte differentiation of migratory cranial neural crest cells (13, 14) . These studies suggest the complex role of Msx2 in chondrocyte differentiation.
In this study, we attempted to clarify the role of Msx2 in chondrogenesis and understand the molecular basis by which Msx2 controls chondrocyte differentiation. We found that Msx2 stimulated the maturation and calcification of chondrocytes but inhibited its differentiation at the early stage. Furthermore, we showed that Msx2 up-regulated Ihh expression and that a hedgehog inhibitor suppressed chondrogenic action of Msx2. Thus, our data indicted that Msx2 plays an important role in endochondral ossification, especially in chondrocyte maturation, by up-regulating Ihh expression. * This work was supported by the Ministry of Education, Science, Sports, Japan, a culture grant-in-aid for scientific research, the Naito Foundation, and the Novartis Foundation. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 1 To whom correspondence should be addressed. Tel.: 81-6-6879-2887; Fax:
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EXPERIMENTAL PROCEDURES
Cells and Reagents-The C3H10T1/2 cell line was purchased from RIKEN cell bank and cultured in modified ␣-minimum Eagle's medium (Sigma) supplemented with 10% bovine serum albumin. Anti-Myc and anti-␤-actin antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Anti-Col2␣1 antibody was purchased from Novtec. AntiCol10␣1 antibody was purchased from LSL. Cyclopamine was purchased from Biomol International. Recombinant BMP2 was generated as previously described (11) .
Isolation and Culture of Mouse Primary Chondrocytes-Primary chondrocytes were isolated from the ribs of 4-week-old DDY mice and repetitively digested with 0.2% collagenase at 37°C. The fractioned cells were filtered by 40-m nylon mesh (BD Bioscience), collected by centrifugation, and used as primary chondrocytes except for the cells from the first digestion (15) . The cell culture was performed in Dulbecco's modified Eagle's medium (Sigma) supplemented with 10% bovine serum albumin, 0.1 mg/ml ascorbic acid, and 5 mM ␤-glycerophosphate (Sigma) at 37°C in a humidified 5% CO 2 incubator.
Organ Cultures-The three central metatarsal rudiments were isolated from each hind limb of 15.5-day-old mouse embryo, as previously described (16, 17) . Three metatarsals were placed into each well of a 24-well plate containing 300 l of ␣-minimum Eagle's medium supplemented with 0.05 mg/ml ascorbic acid, 0.3 mg/ml L-glutamine, 1 mM ␤-glycerophosphate, 0.2% bovine serum albumin, and 100 g/ml kanamycin (Meiji, Tokyo, Japan). The explants were grown at 37°C in a humidified 5% CO 2 incubator. Infection of adenoviruses and administration of BMP2 (250 ng/ml) were performed 1 day after dissection (18) . For morphometric analysis, metatarsal explants were photographed under a dissecting microscope (Zeiss Stemi 2000-C) and determined by Scion Image software. The maximal longitudinal length and width of proximal and distal cartilaginous primordial were determined by marking the developing light zone of chondrocytes (17) . For histological analyses, rudiments were fixed with 4% buffered paraformaldehyde and decalcified in 5% EDTA. Samples were embedded in paraffin, and 5-m-thick sections were cut and stained with hematoxylin and eosin. Immunohistochemical analysis for PTH/PTHrP receptor was performed with polyclonal rabbit antibody (Covance). Immunoreaction was visualized with a biotinylated anti-rabbit IgG secondary antibody using ABC kit Vectastain and peroxidase substrate kit 3,3-Dramino benzidine (DAB) according to the manufacturer's protocol (Vector). For ALP staining, frozen sections of metatarsals were incubated with a mixture of 330 g/ml nitro blue tetrazolium (Sigma), 165 g/ml bromochoroindoyl phosphatase (Sigma), 100 mM NaCl, 5 mM MgCl 2 , and 100 mM Tris (pH 9.5) for 10 min at 37°C and then embedded with 90% glycerol/phosphate-buffered saline. To determine proliferation of chondrocytes in cultured metatarsals, histological sections were immunostained with anti-PCNA antibody (DAKO), and PCNA-positive cells were counted under a microscope.
Constructs-Myc-tagged Msx2 cDNA was used as previously described (11) . A constitutively active mutant of Msx2 (caMsx2) (19) was generated by replacing proline 148 by histidine using the GeneEditor in vitro site-directed mutagenesis system (Promega). The sequence of the mutant cDNA was confirmed by DNA sequence analysis.
Generation of Adenovirus-The recombinant adenoviruses carrying a wild-type or mutant form of Msx2, Smad1, Smad4, Smad6, Ihh, or a dominant negative Gli2 (20) were constructed by homologous recombination between the expression cosmid cassette (pAxCAwt) and the parental virus genome in 293 cells (RIKEN Cell Bank) using an adenovirus construction kit (Takara), as previously described (21) . The viruses showed no proliferative activity due to a lack of E1A-E1B (21) . Titers of the viruses were determined by modified point assay (21, 22) . Infection of recombinant adenoviruses with mouse primary chondrocytes and C3H10T1/2 cells was carried out by incubation with adenoviruses at a multiplicity of infection of 40. The infection of adenoviruses with metatarsal rudiments was performed at a multiplicity of infection of 80.
RT-PCR and Real Time PCR-The total RNA was isolated using SV total RNA isolation system as per the manufacturer's protocol (Promega). After denaturation of the total RNA at 70°C for 10 min, cDNAs were synthesized with oligo(dT) primer and reverse transcriptase (Invitrogen). PCR amplifications were performed using specific primers for mouse Col2␣1 (sense primer, 5Ј-TATGGAAGCCCTCATCTTGC-3Ј; antisense primer, 5Ј-TCACCTCTGGGTCCTTGTTC-3Ј), Col10␣1 (sense primer, 5Ј-CCACCTGGGTTAGATGGAAAA-3Ј; antisense primer, 5Ј-AATCTCATCAAATGGGATGGG-3Ј), Ihh (sense primer, 5Ј-CATGACCCAGCGCTGCAAGG-3Ј; antisense primer, 5Ј-CCTGGAAAGCTCTCAGCCGG-3Ј), and ␤-actin (sense primer, 5Ј-TTCGAGCAGGAGATGGCCAC-3Ј; antisense primer, 5Ј-TCTGCATCCTGTCAGCAAT-3Ј). PCR products were separated by agarose gel electrophoresis and stained with ethidium bromide. Real time PCR was performed by Taqman PCR protocol using the ABI 7300 real time PCR system (Applied Biosystems). Taqman primers and probes used for amplification were as follows: Col2␣1 (sense primer, 5Ј-CCTCCGTCTACTGTCC-ACTGA-3Ј; antisense primer, 5Ј-ATTGGAGCCCTGGATGA-GCA-3Ј; probe, 5Ј-CTTGAGGTTGCCAGCCGCTTCGTCC-3Ј), Col10␣1 (sense primer, 5Ј-GCCAAGCAGTCATGCCTGAT-3Ј; antisense primer, 5Ј-GACACGGGCATACCTGTTACC-3Ј; probe, 5Ј-AGCACTGACAAGCGGCATCCCAGA-3Ј), Ihh (sense primer, 5Ј-GACTCATTGCCTCCCAGAACTG-3Ј; antisense primer, 5Ј-CCAGGTAGTAGGGTCACATTGC-3Ј; probe, 5Ј-CCACAGCCAGCCTGGACATCCCGA-3Ј), Msx2 (sense primer, 5Ј-CCATATACGGCGCATCCTACC-3Ј; antisense primer, 5Ј-CAACCGGCGTGGCATAGAG-3Ј; probe, 5Ј-AGAC-CTGTGCTCCCCATCCCGCC-3Ј), ALP (sense primer, 5Ј-ATC-TTTGGTCTGGCTCCCATG-3Ј; antisense primer, 5Ј-TTTCC-CGTTCACCGTCCAC-3Ј; probe, 5Ј-TGAGCGACACGGACA-AGAAGCCCTT-3Ј), Runx2 (sense primer, 5Ј-CTCCTTCCAG-GATGGTCCCA-3Ј; antisense primer, 5Ј-CTTCCGTCAGCGT-CAACACC-3Ј; probe, 5Ј-CACCACCTCGAATGGCAGCAC-GCT-3Ј), ␤-action (sense primer, 5Ј-TTAATTTCTGAATGGC-CCAGGTCT-3Ј; antisense primer, 5Ј-ATTGGTCTCAAGTCA-GTGTACAGG-3Ј; probe, 5Ј-CCTGGCTGCCTCAACACCTC-AACCC-3Ј), Col1␣1 (sense primer, 5Ј-GCAACAGTCGCTTCA-CCTACA-3Ј; antisense primer, 5Ј-CAATGTCCAAGGGAGCC-ACAT-3Ј; probe, 5Ј-CCTTGTGGACGGCTGCACGAGTCAC-3Ј), and Col1␣2 (sense primer, 5Ј-CAGAGCAGTGTGCAATAT-GATCC-3Ј; antisense primer, 5Ј-ATGTCCACAACAGGTGTC-AGG-3Ј; probe, 5Ј-AGTCTCCTCCCTTGGCCCCTCCCC-3Ј). Expression level of the mRNA was normalized by ␤-action mRNA expression.
Western Blotting-The cells were rinsed twice with phosphate-buffered saline and solubilized in lysis buffer (20 mM Hepes (pH 7.4), 150 mM NaCl, 1 mM EGTA, 1.5 mM MgCl 2 , 10% glyceraol, 1% Triton X-100, 10 g/ml aprotinin, 10 g/ml leupeptin, 1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride, 0.2 mM sodium orthovanadate). The lysates were centrifuged for 10 min at 4°C at 15,000 ϫ g and boiled in SDS sample buffer containing 0.5 M ␤-mercaptoethanol for 5 min. The supernatants were separated by SDS-PAGE, transferred to nitrocellulose membranes, immunoblotted with antibodies, and visualized with horseradish peroxidase-coupled anti-mouse or -rabbit IgG antibody using ECL detection kits.
Generation of His-tagged Msx2 Protein-His-tagged Msx2 expression vector was transfected into C3H10T1/2 cells. The cells were lysed, and His-tagged Msx2 protein was purified by TALON beads (Clontech).
Knockdown of Msx2-Control and Msx2 siRNAs were purchased from Invitrogen (siMsx2-1, 5Ј-CCGCCAGAAA-CAGUACCUGUCCAUA-3Ј; siMsx2-2, 5Ј-GAUAUGGCAU-GUACCAUCUAUCCUA-3Ј). Transfection of siRNA was performed according to the manufacturer's protocol.
Alizarin Red and Alcian Blue Staining-The cultured mouse primary chondrocytes were rinsed twice with phosphate-buffered saline, fixed in 4% buffered paraformaldehyde, and stained with 1% alizarin red solution for 10 min or 1% Alcian blue in 5% acetic acid for 30 min. The stained area was measured by ImagePro software.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
Bromide Assay-Proliferation of cells was examined using reagent WST-1 according to the manufacturer's protocol (Roche Applied Science). WST-1 reagent was added to cells already cultured at a 1:10 final dilution. The samples were incubated at 37°C for 2 h, and the absorbance of the samples was measured against a background control as blank using a microplate reader (model 550; Bio-Rad) at 450 nm.
Ihh Gene Promoter Activity-Ihh gene promoters fused to a luciferase reporter construct were kindly provided by Dr. Toshihisa Komori (7). The luciferase reporter construct driven by the Ihh gene promoter was co-transfected with the thymidine kinase-Renilla luciferase construct (Promega) into C3H10T1/2 cells. Two days after transfection, cells were lysed, and luciferase activity was determined using specific substrates in a luminometer (Promega) according to the manufacturer's protocol. Transfection efficiency was normalized by determining the activity of Renilla luciferase.
Mass Culture of Mouse Limb Bud Cells-Limb bud cells were isolated from embryonic day 12.5 mouse embryos (DDY mouse) and mass cultured as described previously (24) .
Statistical Analysis-The data were statistically analyzed by Student's t test, a multiple comparison of one-or two-way ANOVA (Tukey or Bonferroni/Dunn procedure). Data represent mean Ϯ S.D.
RESULTS

Stimulation of Maturation of Chondrocytes by Msx2-To
examine the involvement of Msx2 in chondrocyte differentiation, we first evaluated Msx2 expression in primary chondrocytes isolated from ribs of 4-week-old mice. We observed that BMP2 stimulated differentiation of the cells into round-shaped chondrocytic cells (Fig. 1A) . We confirmed that BMP2 treatment strongly up-regulated the expression of the Col2␣1 and Col10␣1 (Fig. 1, B and C) and stimulated chondrocyte differentiation, as determined by Alcian blue and alizarin red staining (Fig. 1E) . On the other hand, BMP2 marginally increased Col1␣1 and Col1␣2 (Fig. 1C) , both of which are well known marker of osteoblasts. In addition, immunofluorescent analysis showed that most of the cells expressed type 10 collagen (Fig.  1D) . During the differentiation of the primary chondrocytes, expression of Msx2 mRNA was clearly induced by BMP2 treatment (Fig. 1F) . These results suggested that Msx2 might be implicated in chondrocyte differentiation. To investigate whether Msx2 plays a role in chondrocyte differentiation, we overexpressed wild type Msx2 or caMsx2 using an adenovirus gene delivery system and examined the effect on chondrocyte differentiation. As shown in Fig. 2A , both wild type and the mutant of Msx2 were efficiently expressed in primary mouse chondrocytes by the infection of the adenovirus. Overexpression of either wild type or the mutant of Msx2 by itself showed little effect on murine primary chondrocytes (Fig. 2B) . Interestingly, Msx2 clearly stimulated the calcification of the primary chondrocytes in the presence of BMP2 (Fig. 2B) . caMsx2 more efficiently enhanced the chondrogenic action of BMP2 than wild type Msx2 (Fig. 2B) . Since caMsx2 showed stronger effects than wild-type Msx2, we performed the following experiments using caMsx2. Consistent with this result, caMsx2 increased BMP2-induced expression of ALP and Col10␣1 (Fig. 2C) , both of which are well known phenotypic markers of chondrocyte maturation. In contrast, caMsx2 failed to stimulate Col2␣1 expression and differentiation into Alcian blue-positive chondrocyte differentiation (Fig. 2, D and E) . These results indicated that Msx2 is involved in chondrocyte maturation rather than initiation of chondrocyte differentiation.
Requirement of BMP2/Smad Signaling for Msx2-regulated Chondrocyte Maturation-Because Msx2 stimulated the chondrocyte maturation only when BMP2 is present, we next examined the interaction between Msx2 and BMP2 signaling. To address this, we determined the effect of Smad6, which functions as an inhibitory Smad in BMP2 signaling (22, 25) . As shown in Fig. 3A , Smad6 overexpression diminished calcification induced by BMP2. Moreover, Smad6 overexpression markedly blocked the chondrogenic action of caMsx2 in the presence of BMP2 (Fig. 3A) . Consistently, chondrogenic action of caMsx2 was clearly enhanced by overexpression of Smad1 and Smad4 (Fig. 3B) . We also found that Msx2 physically interacts with Smad1 (Fig. 3C) . Collectively, these data suggested that Msx2 requires activation of BMP2/Smad signaling to exhibit chondrogenic action.
Stimulation of Chondrogenesis by Msx2-To further understand the functional role of Msx2 in cartilage development, we analyzed the effect of Msx2 in organ culture system using embryonic metatarsal explants. The organ culture system allows us structural study of endochondral ossification (16) . Consistent with the results of Fig. 2, caMsx2 by itself did not show a clear phenotype. However, infection of caMsx2 adenovirus caused an excessive outgrowth of cartilage in the presence of BMP2 (Fig. 4A) . Morphometric analyses indicated increases in the width and longitudinal length of epiphysis by caMsx2 overexpression (Fig. 4, B and C) . Histological analyses indicated that caMsx2 increased the area of prehypertrophic and hypertrophic chondrocytes (Fig. 4D) . To support this, caMsx2 increased the area expressing the PTH/PTHrP receptor, a marker for prehypertrophic chondrocytes, in the presence of BMP2 (Fig. 4E) . Moreover, caMsx2 increased the ALP-positive area (Fig. 4F) . On the other hand, caMsx2 treatment did not influence proliferation of chondrocytes (Fig. 4, G and H) . These data suggested that Msx2 stimulates chondrocyte maturation at the late stage.
Involvement of Ihh in Msx2-regulated Chondrocyte Maturation-Because
Msx2 stimulated the maturation of chondrocytes (Fig. 2) and increased prehypertrophic and hypertrophic chondrocytes (Fig. 4) , we next examined whether Msx2 regulates expression of Ihh, which is expressed in prehypertrophic zone of cartilage and controls skeletal development A, mouse primary chondrocytes were infected with adenovirus carrying wild type (WT) Msx2 or caMsx2 and cultured for 4 days. The lysates of the cells were determined by immunoblotting with anti-Myc antibody. B and C, mouse primary chondrocytes were infected with control (Cont) adenovirus or adenovirus carrying wild type Msx2 or caMsx2, cultured with or without BMP2 (100 ng/ml) for 7 days, and determined by alizarin red staining (B) and real time PCR using Taqman probe of ALP and Col10␣1 (C). Data represent mean Ϯ S.D. (n ϭ 3) . p values were determined by one-way ANOVA. #, p Ͻ 0.01 (versus control); **, p Ͻ 0.01 (versus BMP2 group). D and E, mouse primary chondrocytes were infected with control or caMsx2 adenovirus, cultured with or without BMP2 (100 ng/ml) for 4 days, and determined by real time PCR analysis for Col2␣1 (D) and Alcian blue staining (E). Data represent mean Ϯ S.D. (n ϭ 3). *, p Ͻ 0.05 (versus control) as determined by one-way ANOVA. There is no significant difference between the BMP2 and BMP2 ϩ caMsx2 groups. WB, Western blot.
(2). Real time RT-PCR analyses indicated the slight up-regulation of Ihh expression by BMP2 stimulation in primary chondrocytes (Fig. 5A) . Interestingly, caMsx2 overexpression markedly stimulated BMP2-dependent Ihh mRNA expression (Fig.  5A) . Moreover, treatment with cyclopamine, a specific inhibitor for hedgehogs, suppressed chondrogenic action of BMP2 and Msx2 (Fig. 5, B and C) , indicating that Msx2 regulates chondrogenesis, at least in part, by up-regulation of Ihh expression. Although Ihh is known to control the proliferative stage of chondrogenesis through PTHrP production (26) , its direct action on late stage chondrocyte differentiation has not been precisely examined. To address the issue, we infected Ihh adenovirus into primary chondrocytes and examined its effect. We confirmed that infection with Ihh adenovirus efficiently induced Ihh expression in the primary chondrocytes (Fig. 5D) . We found that infection of Ihh adenovirus definitely promoted calcification of primary chondrocytes (Fig. 5, D and E) . Consistently, Ihh overexpression induced ALP, Runx2, and Col10␣1 mRNA expression in primary chondrocytes (Fig. 5, F-H) . However, Ihh did not have an effect on proliferation of mouse primary chondrocytes and their intensity of Alcian blue staining (Fig. 5, I and J) . Chondrogenic action of Ihh was blocked by the addition of cyclopamine (Fig. 5, E and H) . Since we observed that cyclopamine decreased proliferation of mouse primary chondrocytes (Fig. 5I) , although cyclopamine did not have toxic effect on the aggrecan-positive stage of the cells (Fig. 5J) , we set up other experiments using a dominant negative mutant of Gli2, a mediator of Ihh signaling. We found that overexpression of a dominant negative Gli2 suppressed calcification of primary chondrocytes stimulated by caMsx2 (Fig. 6, A  and B) . Taken together, Msx2 controls chondrocyte maturation, at least in part, through up-regulation of Ihh and Ihh/ Gli2 signaling.
Because we were curious to know how Msx2 up-regulates Ihh expression in chondrocytes, we next examined the effect of Msx2 on the Ihh gene promoter. Msx2 or caMsx2 itself did not have a significant effect on Ihh gene promoter activity. However, consistent with results shown in Figs. 2-4, Msx2 and caMsx2 stimulated Ihh gene promoter activity in collaboration with BMP2/Smad signaling (Fig. 7A) . Interestingly, this effect of caMsx2 is observed even when we used deletion mutants of the Ihh gene promoter, which contains a Smadbinding element (Fig. 7B) (27) . These results suggest that Msx2 regulates the Ihh gene promoter activity by forming a complex with Smad molecules.
Requirement of Msx2 for Chondrocyte Maturation-To further confirm the importance of Msx2 in chondrocyte maturation, we performed knockdown experiments using siRNA specific for Msx2. As shown in Fig. 8 , knockdown of Msx2 inhibited Col10␣1, ALP, and Ihh expression in primary chondrocytes.
Inhibition of Commitment of Mesenchymal Cells into Chondrocyte by Msx2-Since
Msx2 did not stimulate the initial stage of chondrocyte differentiation, we were curious to examine the involvement of Msx2 in commitment of undifferentiated mesenchymal cells into chondrocytes. To study this, we utilized a mesenchymal cell line, C3H10T1/2, which can differentiate into chondrocytes in response to BMP2 treatment (28) . As expected, BMP2 promoted chondrocyte differentiation of C3H10T1/2 cells (Fig. 9, A and B) . Surprisingly, caMsx2 overexpression inhibited Col2 expression (Fig. 9A ) and differentiation into Alcian blue-positive chondrocytes (Fig. 9B) . In addition, caMsx2 suppressed proliferation of C3H10T1/2 cells even in the presence of BMP2 (Fig. 9C) . We also observed that caMsx2 moderately inhibited differentiation of mouse limb bud cells into Alcian blue-positive cells (Fig. 9D) . These data suggest that Msx2 suppresses chondrocyte differentiation at the early stage.
DISCUSSION
Although a genetic study using the mice deficient in the Msx2 gene suggested the involvement of Msx2 in chondrogenesis (8) , the functional role of Msx2 in chondrocyte differentiation is not established yet. In the present study, we demonstrate A, mouse primary chondrocytes infected with control (Cont) adenovirus or adenoviruses carrying caMsx2 and/or Smad6, cultured with or without BMP2 (100 ng/ml) for 7 days, and determined by alizarin red staining. B, mouse primary chondrocytes infected with control adenovirus or adenoviruses carrying caMsx2 and/or Smad1 and Smad4, cultured in the presence of BMP2 (75 ng/ml) for 7 days, and determined by alizarin red staining. C, C3H10T1/2 cells were infected with control or Myc-Smad1 adenovirus and then lysed. The cell lysates were incubated with or without recombinant Histagged Msx2 protein immobilized with TALON beads and precipitated (Ppt) with the beads. The associated proteins with the beads were determined by immunoblotting with anti-Myc antibody. FIGURE 4. Stimulation of chondrocyte maturation in mouse metatarsal by Msx2. A, mouse metatarsal explants isolated from a day 15.5 mice embryo were infected with control (Cont) or caMsx2 adenovirus at a multiplicity of infection of 80, cultured with or without BMP2 (250 ng/ml) for 7 days, and observed under a microscope. Bar, 500 m. B, schematic diagram of morphometric analyses of mouse metatarsal explants. We classified uncalcified cartilaginous primordial or calcified chondrocyte marking the developing light or dark zone of chondrocytes, respectively. C, mouse metatarsal explants were cultured as described in A. The maximal longitudinal length and width of the explants were measured. Data represent mean Ϯ S.D. (n ϭ 7). **, p Ͻ 0.01 (versus control, BMP2, and caMsx2) as determined by one-way ANOVA. D, cultured metatarsal explants of C were subjected to hematoxylin/eosin staining. Magnification was as follows: ϫ50 (top) and ϫ200 (bottom). E, mouse metatarsal explants were cultured as described in A. The histological sections were immunostained with anti-PTH/PTHrP receptor antibody. Each bar shows the area expressing PTH/PTHrP receptor. F-H, mouse metatarsal explants were cultured as described in A and subjected to ALP staining (F) and PCNA staining (G). PCNA-positive chondrocytes were calculated (H). Data represent mean Ϯ S.D. (n ϭ 3) . There is no significant difference among each group.
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that Msx2 plays an important role in chondrocyte differentiation at the hypertrophic and calcifying stage. We showed that treatment with BMP2 markedly increased Msx2 expression along with chondrocyte differentiation. Furthermore, the overexpression of Msx2 stimulated BMP2-induced calcification and the expression of Col10␣1 and ALP, both of which are phenotypic markers for hypertrophic chondrocyte, in primary chondrocytes. In addition, Msx2 accelerated differentiation of chondrocytes into prehypertrophic or hypertrophic stages in the organ culture system. Furthermore, knockdown of Msx2 inhibited maturation of primary chondrocytes. In contrast, we found that Msx2 inhibited the commitment of undifferentiated mesenchymal cells into chondrocytes and chondrocyte differentiation of mouse limb bud cells at the early stage, although we did not observe the significant effect of Msx2 on expression of Col2␣1 and differentiation into Alcian blue-positive chondrocytes in the primary culture system. Consistent with our results, Msx2 has been shown to function as a repressor during chondrocyte differentiation of migratory cranial neural crest cells (13, 14) . Collectively, our findings suggest that Msx2 controls chondrogenesis by stimulating chondrocyte maturation and its calcification.
Ihh, a morphogen specifically expressed in prehypertrophic chondrocytes, plays an important role in chondrocyte development (2, 29, 30) . Mutations in the Ihh gene have been linked to two inherited skeletal development defects: brachydactyly type A-1 and acrocapitofemoral dysplasia (31, 32) . Mice deficient in the Ihh gene displayed impaired chondrogenesis, including foreshortened snout and mandible, round skull, short tail, and severe dwarfism of the limbs (33) . In this study, we demonstrated that Msx2 stimulated Ihh expression during chondrocyte differentiation and up-regulated Ihh gene promoter activity. Importantly, we also found that chondrogenic action of Msx2 was inhibited by treatment with cyclopamine, suggesting the involvement of Ihh in Msx2-induced chondrocyte maturation. We also demonstrated that a dominant-negative Gli2 blocked chondrogenic action of Msx2. However, Ihh stimulates PTHrP secretion in chondrocytes and forms a negative feedback loop with PTHrP by keeping chondrocytes in the proliferative stage (26, 34) . In contrast, several genetic studies indicate that Ihh has both PTHrP-dependent and -independent function in chondrocytes. Recently, Kobayashi et al. (23) indicated that Ihh functions in the growth plate independently of PTHrP. In addition, Yoshida et al. (7) suggested that Ihh is induced by Runx2, which regulates chondrocyte maturation. Indeed, our in vitro study clearly indicates that Ihh positively regulates the maturation of chondrocytes and their calcification, and blockade of Ihh/Gli2 signaling inhibited chondrogenic action of BMP2. Collectively, Msx2 exhibits chondrogenic action at least in part through stimulating Ihh production.
We observed that Msx2 requires BMP2 to stimulate chondrocyte maturation in the primary culture and organ culture system and up-regulate Ihh expression in primary chondrocytes. This finding is supported by the experiment in which overexpression of Smad6 inhibited chondrogenic action of Msx2. Consistently, Msx2 physically associated with Smad1, and Msx2 and Smad proteins synergistically stimulated maturation of primary chondrocytes and Ihh gene promoter activity. Therefore, it is likely that interaction of Msx2 and BMP2 signaling coordinate chondrogenesis. Because we did not detect direct interaction of Msx2 with the Ihh gene promoter (data not shown), Msx2 seems to regulate Ihh expression via Smad proteins. The understanding of the relationship between Msx2 and BMP2 signaling may allow further dissection of chondrocyte development.
In conclusion, our data provide evidence that Msx2 regulates chondrocyte maturation, which is mediated by up-regulation of Ihh. These findings contribute to an understanding of the complex and harmonious regulation of chondrocyte development.
